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ABSTRACT: EVQ-218 is a high-energy produced nanoparticle
(NP) with a method of manufacture that avoids chemical or
biological synthesis. The patented single-step process generates
stable, pure metal NPs directly into HPLC grade water. Laser
ablation via the multiple cross laser system occurs at a rate that is in
the region of dielectric breakdown, generating temperatures and
pressures akin to those of diamond formation. The spherical
particles from this method have an ultrastable shell structure that
inhibits the hallmark ion emission that occurs in other nanosilver
species. The resulting particle size distribution is so narrow that
additional size refinement or stabilizing chemistries are not
necessary. These properties make EVQ-218 an attractive clean
and green alternative to traditional nanosilvers, particularly when
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factoring in shelf life, as EVQ-218 maintains (uniform) stability for years, while NIST standard materials degrade within a few weeks.
EVQ-218 characterization and differentiation are timely as the rise of antimicrobial resistance has caused a surge of research on
antimicrobial silver NPs. It has been widely established that the antimicrobial activity of nanosilver is due to ion emission.
Unfortunately, metal ions can be quite toxic and prevent certain biomedical and consumer product applications. In an ever-changing
regulatory landscape, there is increasing scrutiny to definitively characterize nanomaterials and assess their potential environmental/
toxicological footprint. EVQ-218 was characterized alongside comparable NIST standard NPs, with particular interest in speciation
and fate. Particle characterization studies reveal that EVQ-218 is nearly equivalent to NIST standard material with respect to particle
morphology and uniformity. Dissolution and surface chemistry studies quickly differentiate EVQ-218 as the first stable, nonemissive,
pure metal NP that is on par with NIST standards for ideal materials.

Bl INTRODUCTION

Silver has been known for its antibacterial qualities for
centuries.”” Over the last few decades, nanosilver has
experienced increasing interest as a functional material
additive, with the number of studies and publications steadily
rising. Countless products have incorporated nanosilver and
other engineered nanomaterials’~” that exhibit antimicrobial
activity. Studies show that antimicrobial activity is typically due
to ion emission or reactive oxygen species, which are toxic to
nonpathogenic organisms.8_11
enhanced scrutiny on the safety and regulation of nanosilver
and similar antimicrobial nanoparticles (NPs).*~%'>'?

Silver nanoparticles (AgNPs) are produced in a variety of
ways, including chemical synthesis, milling, ablation, and even
biosynthesis using plants or pathogens. " " Each method
leads to different surface chemistry, emissivity, stability, and
purity, resulting in different efficacy and toxicity.”*"**
Increased research emphasizing safety and fate has led to the
issuance of many ASTM, ISO, and comparable regulatory level
test guidelines to compare each new AgNP species to its
nearest NIST analogue and silver ion. Of particular interest is

As a result, there has been
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the ionic content, particle uniformity, and stability/emissivity.
It is critical to determine these properties for new NP species.

Nanomaterials research often involves surface-enhanced
Raman behaviors. For decades, scientists have investigated
SERS (surface-enhanced Raman spectroscopy) and other
nanomaterial phenomena that can be harnessed for a wide
variety of analytical techniques. EVQ-218 was born from
similar pursuits, namely, creation of a more “ideal” NP, free
from the surface coatings and stabilizers found in known
analogous particles. Unfortunately, many of the top-down
methods of making NPs do not yield desirable size
distributions. Laser ablation was identified as a promising
top-down method and leads to the development of EVQ-218
and the patented ATTOSTAT method of particle manufac-
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Figure 1. (Top) STEM images of EVQ-218 showing particle uniformity with minimal grouping and relatively no agglomeration. Note the nearly
equidistant spacing within the grouping of EVQ-218 NPs shown in the lower magnification images. (Bottom) STEM images of NIST NPs for
comparison. Note the slight differences in the size and shape profiles of the NIST material that contains nonspherical and faceted particles.

ture”’ (additional process discussion is found in Supporting
Information S3). In-depth characterization and speciation
studies reveal that EVQ-218 is a new, unique AgNP that falls in
line with NIST standard particles, yet bares its own unique
features (i.e., a bare silver surface).

B RESULTS
STEM Imaging of EVQ-218. General Survey. Figure 1

shows the scanning transmission electron microscopy (STEM)
images of EVQ-218 at different magnifications, with com-
parative images of NIST nanoComposix material. EVQ-218
has a uniform sphere morphology and does not agglomerate
upon deposition onto transmission electron microscopy
(TEM) grids. Small self-assembled groupings are observed
frequently, as exhibited in the lower magnification images in
Figure 1 (top). The consistent grouping without agglomer-
ation and near-equidistant particle spacing are indicative of the
intrinsic particle surface-based stability in the absence of
surfactants. Additional STEM images (bright field and dark
field, DF) of EVQ-218 on carbon and SiO, TEM grids are
presented in Supporting Information SS. Note the number of
nonspherical particles in NIST images (Figure 1, bottom).
Although most particles have a uniform size and shape, a
portion contains facets and a hedral nature. Nonspherical
particles such as these may have different stabilities and
reactivities that should be considered in fate and application
studies.

Dimensions and Size Distribution: DLS and TEM.
Dynamic light scattering (DLS) measurements were obtained
for EVQ-218 and NIST nanoComposix. In addition to mean
particle size, it is important to report the statistical d(10),
d(50), and d(90) values and provide greater insight into the
particle size distribution. Statistical d(x) values (where x
percent of NP is equal to or smaller than a given size) can be
critical in applications where a too large/small NP is
undesirable or toxic. Number density (# of NP per mL of
solution) and specific surface area (active surface area per g of
active NP) of NEAT suspensions were calculated based on
these d values and are presented in Tables 1 and 2. DLS size
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profiles of both EVQ-218 and NIST nanoComposix agree with
manufacturer specifications with similar narrow distribution
results.

Table 1. Number Density and Specific Surface Area for
EVQ-218

particle size number density specific surface area

(diameter nm) (NP/mL) (m*/g)
d(10) 3.9 32 x 108 148.5
d(s0) 8.0 3.5 x 10" 71.1
d(90) 10.8 1.5 x 10*2 53.1

Table 2. Number Density and Specific Surface Area for
nanoComposix NIST AgNP

particle size number density specific surface area

(diameter nm) (NP/mL) (m*/g)
d(10) 8.5 3.0 x 10" 67.5
d(50) 11.5 1.2 x 10" 49.9
d(90) 13.7 7.0 x 101 41.6

EVQ-218 NP sizing using TEM imaging results agree with
material specifications, with Gaussian distribution around 8—
10 nm (Figure 2 below). NIST nanoComposix image-based
sizing resulted in a similar Gaussian profile around 8—10 nm
(Figure 3). Note the differences in sizing histograms, with
EVQ-218 having a slightly tighter and more uniform profile.

Kinetic Dissolution Studies (KDS) of EVQ-218 and
NIST nanoComposix. Upon exposure to moderately hard
water (MHW, synthetic analogue), EVQ-218 solution
immediately began to change color. A full color transition
from yellow to peach/orange to red/pink to purple/blue
occurred within 60 s. No such color change occurred in the
NIST nanoComposix dilution in MHW. Upon exposure to
20X-AAP-supplemented dilution water (mineral-rich aquatic
plant/algae growth media, synthetic analogue), both EVQ-218
and nanoComposix NIST solutions turned from yellow to
grayish brown color. Within 48 h, EVQ-218 MHW and EVQ-
218 20X-AAP exhibited complete loss of color and significant
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EVQ-218 STEM Image Sizing
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Figure 2. (Above) STEM images of EVQ-218 with resolution and
particle counts suitable for particle sizing.”> Note that the individual
particle nature is maintained after deposition and evaporation.
(Below) Particle size distribution obtained from STEM images (7.7
+ 2.5 nm).
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Figure 3. (Above) STEM images of NIST nanoComEosix, with
resolution and particle counts suitable for particle sizing.>> Note that
the individual particle nature is maintained after deposition and
evaporation. (Below) Size distribution of NIST nanoComposix
obtained from STEM images above (9.5 + 3.2 nm) agrees with
NIST-certified NP profile (10.3 + 2.1 nm).

precipitation at the bottom of the flask. nanoComposix 20X-
AAP samples exhibited similar fallout and loss of color;
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however, no precipitate or color change occurred with the
MHW-exposed nanoComposix samples.

Turbidity measurements were obtained throughout the
study but yielded similar uninformative results to those
reported by Miller and Chappel.”® Turbidity measurements
were not markedly different for all samples except nano-
Composix with MHW media, which had results below the
limits of detection (BLOD).

Ion selective electrode (ISE) results (Supporting Informa-
tion S7) reveal negligible ion content for all samples except
EVQ-218 in MHW. All samples of EVQ-218 and nano-
Composix exhibited significantly lower ISE results than
particles presented by Miller and Chappell’® Results for
EVQ-218 in MHW do not correlate with the inductively
coupled plasma-optical emission spectroscopy (ICP-OES) data
presented above. As the ISE probe used in this study is silver/
silver sulfide, it is possible that EVQ-218 particles may interact
with the electrode surface and yield false positives. Further
investigation of EVQ-218 versus silver ion is presented below.

KDS Ultracentrifugation. Preliminary validation was
conducted to determine the conditions necessary to fully
separate/isolate all solid NPs. Theoretically NP separation will
occur with ultracentrifugation at 100,000 g-force for 1 h.*’
Several iterations were conducted at 100,000—150,000 g-force.
EVQ-218 did not exhibit complete NP separation under these
conditions. Centrifuge times were extended up to 18 h
(150,000 g-force) with no increase in particle separation. NIST
standard nanoComposix NPs were ultracentrifuged under
identical conditions and exhibited complete separation within
6 h (Figure 4). Kinetic dissolution methods require frequent

NEAT NP Ultracentrifuge Study

251
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Figure 4. ICP-OES silver levels in EVQ-218 and nanoComposix
(labeled NCMPX) after 1, 6, and 18 h ultracentrifuge trials at 150,000
g force.

silver analyses before and after centrifugation, so 6 h was
established as maximum spin time realistic for this 48 h study.
The significant levels of EVQ-218 after 18 h centrifugation
required further investigation and are discussed further below.

After ultracentrifugation at 150,000 g-force for 18 h did not
completely remove EVQ-218 from the suspension, high-
resolution STEM imaging was conducted. The images below
(Figure S) show that significant levels of NPs remain in the
suspension, largely in the 2 nm range. Most particle separation
techniques rely on particles >4 nm; therefore, studies involving
smaller particles require additional screening. Particle sizing
was conducted” to further characterize the particles present
after extended centrifugation (Figure S).

KDS ICP-OES Results. Within 24 h, a significant amount of
AgNPs reacted with supplemental minerals in the media. As
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Figure 5. DF-STEM images of EVQ-218 after ultracentrifugation at 150,000 g force for 6 h. Note the significant amount of ~2 nm particles present
that self-assembled with equidistant spacing. STEM image particle size profile of EVQ-218 after ultracentrifugation at 150,000 g force for 6 h.

the NPs were coated, they seeded further precipitation with all
samples, except nanoComposix in MHW, which did not
exhibit fallout. As EVQ-218 interacted with these minerals,
ultracentrifuge efliciencies were increased, particularly for the
AAP samples. nanoComposix in MHW did not exhibit any
particle fallout within 48 h. Samples were retained for several
months after this study and did not exhibit fallout; however,
the solution did exhibit color change toward red/orange to
brown. Turbidity results were comparable for EVQ-218 in
MHW/20X-AAP and nanoComposix in 20X-AAP; and BLOD
for nanoComposix MHW correlates with rapid destabilization
and precipitation of NPs.

ICP-OES results for all EVQ-218 and NIST nanoComposix
in MHW and 20X-AAP media are presented in Figures 6 and
7. Silver levels before ultracentrifugation are in line with the
visual precipitation trends. As EVQ-218 precipitates in MHW,
ultracentrifuged silver levels approach 0 but did not reach the
trace levels exhibited by EVQ-218 in 20X-AAP. The oxyanion
species in 20X-AAP media can form bulk solids with the NP
and other mineral cations. As a result, precipitation occurs
more quickly in 20X-AAP media.

KDS Malvern DLS Particle Sizing Data. As both EVQ-
218 and nanoComposix are both produced and obtained in DI
water (never as a solid isolate), NEAT material size profiles
were used to compare mineral-exposed particles over time.

DLS mean percent (percent intensity) size profiles shown in
Figures 8 (EVQ-218) and 9 (nanoComposix) are reflective of
actual particle counts rather than intensity. Larger particles
result in more intense scattering that drowns out scattering
from particles smaller than 20—40 nm. DLS data presented
below fall in line with ICP-OES data with respect to particle
size increase, precipitation, and dispersion stability. Note the
lack of size increase for nanoComposix particles in MHW
(Figure 9), which did not exhibit precipitation throughout the
48 h study.
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Figure 6. Silver ICP-OES results for EVQ-218 and NIST nano-
Composix (labeled NCMPX) in MHW media at 10 mg/L; before
(black) and after (red) 6 h ultracentrifugation.

Additional DLS data: In addition to the mean percent sizing
data shown above, Miller and Chappell’® presented DLS data
reflecting aggregation modeling, as well as cumulant analysis Z-
average/PDI (poly dispersity index). Equivalent data with
respect to aggregation modeling are presented in Supporting
Information S8 (Tables 1 and 2). Z-average/PDI-based data
are presented in Supporting Information S9 (Tables 3 and 4).

Post KDS Follow-Up Studies: Imaging of AgNPs Post-
KDS Mineral Exposure, Ag ion-treated EVQ-218, EELS.
Mineral-Exposed AgNPs STEM-EDS Analysis. To gain further
insight into possible behavior and reactivity differences
between EVQ-218 and NIST, STEM imaging with EDS
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Figure 7. Silver ICP-OES results for EVQ-218 and NIST nano-

Composix (labeled NCMPX) in 20X-AAP media at 10 mg/L; before
(black) and after (red) 6 h ultracentrifugation.

mapping was conducted on all KDS precipitates and the NIST
MHW dispersion. Figure 9 shows the STEM images of EVQ-
218 and MHW. Note the spherical particle nature that is still
obvious despite having fallen out of suspension. Chemical
mapping from EDS spectra (Figure 10) reveals the CaCO;
jacketed EVQ-218 particles and destabilized the suspension,
inducing precipitation. Images of EVQ-218 exposed to AAP
minerals (Figure 11) are quite different, with amorphous
clusters of encapsulated and agglomerated particles. Figure 12
shows a wide variety of AAP minerals dispersed throughout the
precipitate.

Imaging of NIST AgNP with MHW (Figure 13) shows an
equivalent individual particle nature as untreated material.
Trace signs of the CaCOj; additive can be seen as a slight haze
in some STEM images and in EDS mapping (Figure 14). Note
that in Figure 13 (without capping agents or surfactants), some
triangular/pyramidal AgNPs are present in the NIST material
as chemical particle growth is difficult to control and size
separation methods do not affect shape profiles. Where NIST
material does not react with MHW, it behaves similar to EVQ-
218 with AAP minerals. Figure 15 shows NIST AgNPs in
amorphous clusters comparable to those in Figure 11. The
citrate shell forms network solids with the sea of mineral ions,
just as EVQ-218 does, and exhibits similar multielement EDS
mapping (Figure 16).

Silver lon Exposed EVQ-218 Images. Early studies of EVQ-
218 with respect to possible ion content included exposing
EVQ-218 to silver ions. Separation techniques employed to
quantify ionic content/emission would require selectivity of
ions vs NPs. STEM imaging of EVQ-218 exposed to silver ion
(Figure 17) provide notable evidence that EVQ-218 does not
emit ions.

The images above (Figure 17) show that upon exposure to
silver ion, EVQ-218 is readily coated with a different silver
structure. If EVQ-218 did emit ions, then there would be a
continual emission and replating of silver on the surface of
every particle. All of the images of EVQ-218 presented in the
sections above were collected at least 12 months after
manufacture. If EVQ-218 emitted ions or had ions present in

7895

solution, the uniformity presented above would not exist.
Retention samples of EVQ-218 dating back to 2007 were
maintained and revisited since their production. Below (Figure
18) are images of EVQ-218 from 2007 that were included in a
study from 2020. The robust stability of EVQ-218 is unlike any
traditional AgNPs to date and makes it a promising additive for
long-term material applications not possible with current
emissive species.

STEM-EELS Analyses. Several comparative differences are
observed after in-depth STEM imaging with EELS mapping.
Although similar in size, the surface chemistry of the two
particles is different, most likely due to the contraction of
surface atoms created by the high-energy ATTOSTAT process.
EVQ-218 particles therefore exhibit different surface chemistry,
kinetics, antimicrobial activity, and toxicity. Figures 19 and 20
reveal that there is a lack of oxygen/oxide layer around the
EVQ-218 particles; that is obvious in the nanoComposix EELS
mapping in Figures 21 and 22. Overall, EVQ-218 NPs exhibit a
more uniform spherical nature, with less faceting than the
NIST standard. This surface morphology is conducive to
surfactant-free stability as geometric effects between EVQ-218
NPs occur, creating a self-stabilizing dispersion. Agglomeration
is reduced and mitigates the need for capping agents
commonly used in nanomaterial production.

B DISCUSSION

Qualitative TEM imaging of EVQ-218 (Figure 1) shows the
particle size and morphology comparable to NIST standard
AgNPs. Sizing data from TEM image analysis (Figures 2 and
3) and DLS (Tables 1 and 2) further establishes the particle
profile similarities between EVQ-218 and NIST AgNPs. Both
species are comprised of highly uniform ~10 nm spherical
AgNP, which could be mistaken for equivalent additive
ingredients without further investigation of particle stability
and surface chemistry. NIST nanoComposix bare/citrate
AgNPs are dispersed in 2 mM citrate buffer solution that
serves both as a size control/capping reagent during synthesis
and a final product stabilization/surfactant species. While
NIST AgNPs contain ~10x molar ratio citrate:NP, EVQ-218
contains only AgNPs in 18 MQ H,O, without added
stabilizers/surfactants. Despite the large excess of citrate
stabilizer in NIST AgNP, this material only has a shelf life in
the range of weeks and requires refrigeration. In stark contrast,
EVQ-218 has a shelf life of months to years without stabilizing
chemistry or refrigeration. These enhanced properties, along
with a scalable single step method of manufacture, make EVQ-
218 an intriguing rival to the numerous commercial silver
species on the market. Understanding the differences between
these suspensions (and their corresponding chemistries) is key
to understanding AgNP interactions in other chemical
environments and applications.

Investigating the effects of mineral exposure to AgNPs sheds
light on the potential environmental fate as well as preliminary
formulation/compatibility information. KDS data revealed that
EVQ-218 is rapidly destabilized in mineral-rich and hardened
aquatic environments. Similar high mineral destabilization
occurred with NIST AgNPs upon AAP exposure but did not
occur with MHW exposure. The lack of reactivity with MHW
is indicative of the outer nature of nanoComposix NPs, which
do not have a truly bare surface, as advertised. The citrate shell
on NIST AgNPs has carboxyl groups like CaCOj that prevent
surface adhesion. High mineral AAP media contain a variety of
metal cations and oxyanion species that facilitate formation of
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Figure 8. DLS particle size data for NEAT EVQ-218 (top left), NEAT NIST AgNP (top right), EVQ-218 with MHW (middle left), NIST AgNP
with MHW (middle right), EVQ-218 with AAP (bottom left), and NIST AgNP with AAP (bottom right) media environments. Note the increase
in particle size over time for all NP exposures except for NIST AgNP with MHW.

network solids. Ions quickly interact with the citrate NIST shell
and the bare silver surface of EVQ-218, inducing precipitation
and agglomeration. STEM-EDS analyses (Figures 9—16) of
exposed EVQ-218 and NIST AgNPs verify this precipitation
effect, with significant overlap of Ag and relevant mineral
elemental maps. These results emphasize the need to screen all
candidate AgNP species against various formulary ingredients
during early developmental studies. Identification of incompat-
ible additives allows for more efficient development of
functional enhanced products.

7896

Results from KDS studies satisfy short-term stability
questions, but they do not address potential long-term emissive
effects. Over time, typical AgNPs emit potentially toxic silver
ions, and analytical methods may not have limits of detection
suitable for ion quantification. Developmental studies of EVQ-
218 yielded surprising qualitative evidence of its nonemissive
nature. Samples of EVQ-218 doped with AgNO; prior to ion
selectivity studies provide STEM image validation of how
readily exposure to silver ions causes particle deformation
(Figure 17). Emissive nature would be evident, and samples of
EVQ-218 would not exhibit particle stability lasting months to
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Figure 9. STEM images of precipitate from EVQ-218 exposed to MHW. Note that the spherical nature is still apparent even after agglomeration
and precipitation.
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Figure 10. EDS mapping of mineral-exposed EVQ-218 with Ag signals that distinctly overlap with the reference STEM image. Note the distinct Ca,
C, and O overlap that was not present in NEAT EVQ-218.

Figure 11. STEM images of precipitate from EVQ-218 exposed to 20X-AAP (higher magnification). Note that the spherical nature is less apparent
after agglomeration/cocrystallization.

years. This is of particular interest to textile and medical device applications and has led to a queue of product development

manufacturers as current AgNP-enhanced products have short- studies.

High-resolution STEM-EELS analysis reveals the distinct
difference in surface chemistry between EVQ-218 and NIST. It
also sheds light on the long-term, nonemissive stability of
environmental risk discussion. The nonemissive nature of EVQ-218. The bare Ag surface of EVQ-218 is unlike any NIST

EVQ-218 makes it an attractive candidate for these AgNP species, providing intrinsic stability and preventing ion

term use profiles due to silver leaching over time. Many of

these products also use excess AgNPs that adds to the ongoing
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Figure 12. EDS mapping of mineral-exposed EVQ-218 with Ag signals that distinctly overlap with the reference STEM image. Note the distinct
overlap of several mineral elements that were not present in NEAT EVQ-218.
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Figure 13. STEM images of nanoComposix NIST AgNPs exposed to MHW. Note the uniform particle nature even after MHW exposure, which

agrees with the lack of agglomeration/precipitation.

emission. It is noteworthy that the high-energy EVQ-218
manufacturing process facilitates the generation of particles
with a greater number of atoms per surface area, with shorter
bond lengths. The multilaser process harnesses energy on par
with diamond formation and generates particles with similar
enhanced stability. From the BOLS model of chemistry, this
increases the stability of the particle to the point of requiring
an extreme acid with a high oxygen reduction potential (ORP)
like aqua regia to disassociate the particles into ions. Also, the
higher atomic density surface of the EVQ-218 particles would
have greater interaction potential with surrounding chemistry
such as sulfur, chloride, phosphorus, sodium, and potassium.
Complementary techniques like STEM-EDS and EELS can
provide greater insight into stability and reactivity of
engineered NPs and aid application research and development.

The KDS and characterization studies conducted with EVQ-
218 support the importance of screening engineered nanoma-
terials as thoroughly as possible. Not all particles are suitable
for established methods such as those employed by Miller and

7898

Chappell,”® and additional testing may be necessary. For
example, EVQ-218 is not readily removed from suspensions
using conventional ultracentrifugation techniques. Also, at the
trace levels investigated in this study, any emitted ions should
be precipitated upon exposure to chloride or carbonate ions.
ICP-OES and ISE measurements presented above could be
interpreted as evidence of ionic silver; however, stoichiometry
and other data from EVQ-218 studies do not support ionic
silver presence. A multifaceted analytical approach is critical
during NP-enhanced product development and will facilitate
the launch of functional, reliable, and safe products.

B CONCLUSIONS

Extensive characterization studies show that EVQ-218 is a new
form of AgNP, made possible by a patented high-energy
manufacturing process that requires only laser (light) energy,
18 MQ water, and pure silver metal. Ablation energy during
EVQ-218 production achieves temperatures and pressures on
par with that of diamond formation and results in a similar
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Figure 14. EDS mapping of mineral-exposed nanoComposix NIST AgNPs with Ag signals that distinctly overlap with the reference STEM image.

Figure 15. STEM images of precipitate from nanoComposix NIST AgNPs exposed to 20X-AAP (higher magnification). Note the spherical nature
is less apparent after agglomeration/cocrystallization.

robust, nonemissive surface structure. Side-by-side comparison B EXPERIMENTAL SECTION

with NIST standard AgNPs reveals that EVQ218 has Materials. EVQ-218 was produced directly into 18 MQ
equivalent spherical particle uniformity with respect to size water according to patented methods.”” Silver target material
profile and morphology. Unlike the citrate and polymer coated (99.999% silver rod) was obtained from ESPI Metals. NP yield
NIST standard AgNPs, EVQ-218 particles have true “bare” is nearly 100%, with negligible particle adhesion to the fluid
silver surface chemistry with greater group stability that tubing. Batches of EVQ-218 were analyzed via ICP-OES,
mitigates the need for added stabilizers. The single-step STEM, and DLS prior to KDSs. NIST silver NPs (nano-
ATTOSTAT method produces particles with very narrow size Composix: 20 ppm of NanoXact bare/citrate in 2 mM citrate,
distribution that mitigates the need for tedious size AGCNI10: Lot RRR0028) were screened alongside EVQ-218
in all studies as a nonionic/nonemissive comparative.

DLS-Based Particle Sizing. NEAT samples of EVQ-218
and NIST nanoComposix were screened for initial size profile
using a Malvern Zetasizer NanoSeries (in line with NIST-NCL
PCC-1) instrument.”* As DLS measures the hydrodynamic
diameter, direct comparison using STEM is needed to ensure
accurate particle dimensions.

fractionation processes required for NIST standards, and it is
scalable to meet industrial demand. As EVQ-218 does not emit
ions, it has far less risk potential and makes longer-term
materials application possible. These qualities make EVQ-218
a cleaner standalone material than current NIST standard
AgNPs and an intriguing candidate for a variety of applications.

The unique and pure nature of EVQ-218 is a direct result of Image-Based Particle Sizing and XRD. STEM images
the high-energy ATTOSTAT method and may constitute the were acquired according to NIST-NCL PCC-7.”> Samples (of
new gold standard for silver nanomaterials. EVQ-218 and nanoComposix NIST) were deposited onto
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Figure 16. EDS mapping of mineral-exposed nanoComposix NIST AgNPs with Ag signals that distinctly overlap with the reference STEM image.
Note the distinct overlap of several mineral elements that are not present in NEAT nanoComposix NIST AgNPs.

50 nm

100 rp

Figure 17. EVQ-218 exposed to AgNOj; shows altered morphology
and metallic density.

PELCO carbon type B Grids (300 mesh, Ted Pella Inc.) or
PELCO silicon dioxide (SiO,) support films (40 nm, 50 X SO
um) and imaged using a JEOL JEM-2800 microscope. Sizing
methods were validated using NIST standard polystyrene
(Thermo Scientific Nanosphere 3020A, 20 nm, lot number
211467. Data in Supporting Information S10). During particle
imaging, X-ray Diffraction (XRD) patterns were collected for
EVQ-218 and NIST particles for qualitative structural
comparison. Diffraction patterns are presented in S11.

KDS Method. Ion emission from metallic NPs is a main
area of concern with the biologic and environmental fate of
engineered nanomaterials. An Army corps of engineers’ study”®
outlines key data points to be collected when screening
nanoscale active ingredients. These studies involve kinetic
measurements of jonic and particulate content in a variety of
natural systems (i.e., mineral-rich water or salt water to mimic
natural environments). Silver analyses were conducted using

Figure 19. Single EVQ-218 NP area of interest with the spatial drift
area defined (yellow square) and the spectrum image defined (green
square).

ICP-OES and ISE. DLS measurements were carried out as well
as ultracentrifugation to quantify particles vs ions over time.
Both EVQ-218 and NIST nanoComposix particles were
investigated, giving a side-by-side comparison of NEAT, in
synthetic MHW and AAP media. Both types of particles were
investigated at 10 mg/L AgNPs in both types of media.

NP solutions were added to synthetic MHW (80 mg/L
CaCO;) to achieve a final concentration of 10 mg/L. NP
dilutions for 20X-AAP media were prepared by the addition of
mineral stock solutions to dilution water to achieve 10 mg/L.
All dilutions were performed within OECD aquatic media
guidelines. NP solutions were prepared in triplicate, with
sampling intervals at 1, 6, 24, 29, and 48 h. Suspension stability
was monitored using ICP-OES silver analyses, silver ISE

Figure 18. EVQ-218 produced in 2007, imaged on lacey carbon in 2020. Note the uniform silver density within the particles, indicative of a

material that has not been exposed to ionic silver.
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Figure 20. EVQ-218 EELS spectrum image map, low loss dark reference corrected with the spectrum of area of interest. Color-coded elemental
maps of carbon (red), silver (blue), and oxygen(green) show that EVQ-218 has no outer oxygen content and is indeed a “bare” particle.

measurement, turbidity, and DLS particle sizing. As both
nanomaterials are prepared/sold as aqueous suspensions in DI
water, a 48 h DI water study was not applicable. Upon study
completion, retention samples of each mixture were obtained
for STEM imaging with EDS chemical mapping.

KDS ICP Method. NEAT samples of EVQ-218 and NIST
nanoComposix were analyzed for the initial Ag content.
Aliquots of mineralized solutions (S mL) were taken from each
flask at 1, 6, 24, 29, and 48 h. At 1, 24, and 48 h, a 6.5 mL
aliquot was taken from each flask for ultracentrifugation, and
ICP-OES measurements were made from each S mL natant
sample. All ICP analyses were conducted using a PerkinElmer
Optima 8000 spectrometer with an S10 autosampler. Samples
were digested using a high ORP aqua regia method with
sonication at 40 °C for 40 min and then diluted to 50.0 mL.

KDS DLS Method. Samples were measured using DLS,
with aliquots (1—2 mL) taken from each flask at 1, 6, 24, 29,

Figure 21. (Left): NIST nanoComposix on lacey carbon filament.
(Right): Single particle area of interest (center particle in the image
on the left) with the spatial drift area defined (yellow square) and the
spectrum image defined (green square).

Fit coeff for Lacey Carbon Fit coeff for Silver Particle Fit coeff for Oxygen Citrate Coating

Figure 22. NIST nanoComposix “bare” EELS spectrum image map, low loss dark reference corrected with the spectrum of area of interest. Color-
coded elemental maps of carbon (red), silver (blue), and oxygen (green) show that NIST particles have significant outer oxygen content and are
not “bare” particles, as advertised.
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and 48 h. Kinetic DLS measurements reveal how the size
changes upon exposure to minerals and ions.

KDS ISE Method. NEAT samples of EVQ-218 and NIST
nanoComposix were analyzed for initial ionic profile at all KDS
time points. Silver ISE measurements were obtained by using
an oakton silver/sulfide combination ISE. The surface of the
electrode was reconditioned before each analysis, along with
recalibration at 0, 1, S, and 10 mg/L.

KDS Ultracentrifugation. NEAT samples of EVQ-218
and NIST nanoComposix were ultracentrifuged at 150,000-
force for up to 18 h. Natant samples were analyzed via ICP-
OES to determine the residual NP/ion content. When trialing
this method, EVQ-218 did not fully sediment in 18 h, and
kinetic measurements must be done daily. To obtain sufficient
data density, 6 h cycles at 150,000 g force were performed on
1, 24, and 48 h samples. ICP-OES values were compared
before and after ultracentrifugation to monitor the ion/NP
ratios.

STEM-EELS Method. To obtain a better understanding of
the individual particle characteristics, an electron microscope
with an electron energy loss spectrometer was employed to
image the elements and their states. Both EVQ-218 and NIST
NPs were deposited on 300 mesh copper EM grids with lacey
type B carbon filament that allowed single particle analyses.
Images and EELS spectra were obtained using a JEOL
ARM200F STEM system with an EELS spectrometer. High-
resolution chemical mapping and surface chemistry informa-
tion were obtained through elemental electron decay
identification and Chi Square fits of the maps to ensure data
confidence. Post processing was performed on GATAN EELS
Analysis software.
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